The The percentage of closed circular DNA was obtained from scans at 250 nm of the negatives of polaroid photos taken of the agarose gels under UV illumination. The sample solutions used for calorimetry contained between 75% and 95% closed circular DNA.
As a result of topological constraints, circular duplex DNA exhibits unique structural and energetic properties that lead to enhanced reactivity in a large number of biological processes (1) . It has been well established that many functions of DNA in replication (2, 3) , transcription (4) (5) (6) (7) (8) (9) (10) (11) (12) , recombination (13) , and repair (14, 15) depend critically on the degree of its superhelicity. Supercoiling favors binding of singlestrand reagents and the occurrence of cruciform structures in palindromic DNA sequences (16) (17) (18) (19) . Several of these exceptional features of superhelical DNA can be understood if one recalls that any reaction resulting in a reduction of superhelix density can use the decrease in Gibbs free energy associated with that process. These aspects were realized very early (20) (21) (22) (23) (24) (25) (26) (27) and have initiated both experimental and theoretical work to determine the Gibbs free energy of supercoiling by various methods involving interaction of dyes (28, 29) , alkaline buoyant titration (30) , and band counting in gel electrophoresis (31) (32) (33) (34) . Although all of these methods permitted accurate determination of the superhelix density and, thus, calculation of the Gibbs free energy, no proper estimates of the enthalpic contribution to the Gibbs free energy of supercoiling could be made on the basis of those studies. Knowledge of the enthalpy of superhelix formation is desirable for obtaining insight into the elastic properties of DNA, for checking predictions of theoretical studies, and for precise partitioning of the Gibbs free energy into enthalpic and entropic contributions.
MATERIALS AND METHODS
Preparation of ColE1 amp RSF2124 Plasmid DNA. The plasmid was isolated from the bacterial strain Escherichia coli M609 (a gift of R. Mattes, Boehringer, Tutzing) by the method of Burkardt et al. (35) except for the cell lysis, where the procedure of Voordouw et al. was followed (36) . Covalently closed circular DNA was separated from linear and open circular DNA in the presence of ethidium bromide (0.5 ,ug/ml) by using a cesium chloride gradient (Hitachi vertical rotor RPV 65T; 48 hr at 42,000 rpm and 15°C).
Preparation of the Topoisomerase I (w protein). w protein was isolated from frozen E. coli cells by the procedure by Wang (37) with modifications introduced by H. P. Vosberg (Max Planck Institut, Heidelberg; personal communication). The modifications comprised purification steps using phosphocellulose chromatography, hydroxylapatite chromatography, and DNA cellulose chromatography. The DNA cellulose was prepared as described by Litman (38) . Protein concentration was determined by the method of Bradford (39) . The percentage of closed circular DNA was obtained from scans at 250 nm of the negatives of polaroid photos taken of the agarose gels under UV illumination. The sample solutions used for calorimetry contained between 75% and 95% closed circular DNA.
Determination of Superhelix Density. Superhelix density was determined by cesium chloride density gradient centrifugation (40) and by fluorescence titration (41) .
Calorimetry. An LKB batch microcalorimeter was used for the experiments. Measurements were performed at 37°C. The publication costs of this article were defrayed in part by page charge payment. This article must therefore be hereby marked "advertisement" in accordance with 18 U.S.C. §1734 solely to indicate this fact.
Measurement
Calibration; 5 (23, 25, 33, 34) , which all resulted in approximately quadratic dependence of the Gibbs free energy on the titratable superhelix density oa given in Eq. 1 (2): AGO 10 RTNo2, [1] in which N refers to the number of base pairs, R is the gas constant, and T is the absolute temperature. The factor 10 stems from the results in ref. 33 . We assumed that the value of 1000 for the expression N-K/RT in Depew and Wang's treatment determined for PM2 DNA is also valid for ColEi amp plasmid DNA, which has a 10% larger number of base pairs (11,000).
We obtained values for the superhelix density applying two independent methods. We used conventional CsCl density gradient centrifugation with PM2 and fd DNA as standards and used the fluorescence assay as described by Lee and Morgan (41) Calculation of DNA Rigidity. Although much is known about long-range segmental motions in DNA, there is relatively little information about local motions in the DNA helix. Parameters that describe the stability of DNA against torsion and bending are the torsional and flexural rigidity. These parameters are important for understanding the structural features of duplex DNA such as supercoiling and packaging in chromosomes and bacteriophage heads, which can be qualitatively accounted for by models based on the elastic properties of DNA (43) (44) (45) (46) (47) . Various estimates of the torsional rigidity, C, have been published; the largest collection of data is found in ref. 48 We assume on the basis of this'bbservation that not the Gibbs energy of supercoiling but rather the enthalpy of the reaction may be the appropriate quantity for the calculation of torsional rigidities-at least to compare the numerical values derived from fluorescence depolarization measurements of intercalated dyes. Furthermore, if one assumes that the enthalpy of supercoiling results exclusively from torsion and not from bending as was done in the majority of studies cited above, one can relate the observed enthalpy to torsional rigidity by the expression for the torsional elastic energy U (49) 
DISCUSSION
The present study on the thermodynamics of superhelix formation provides directly measured enthalpy values, which permit an unambiguous assignment of the enthalpic and entropic contributions to the unfavorable Gibbs free energy of supercoiling. The large positive enthalpy concomitant with introducing superhelical turns is clearly the major factor determining the unfavorable AG of supercoiling. Assuming that ColEl amp plasmid is not exceptional in its thermodynamic properties, the present result suggests that, in general, supercoiling of DNA is enthalpy-determined. This conclusion is supported by measurements on PM2 DNA performed in our laboratory, where preliminary data indicate that also for PM2 DNA the positive enthalpy involved in superhelix formation is the dominant component of the superhelix free energy. These results resolve the ambiguity in the interpretation of previous measurements (33, 34) on the thermodynamics of supercoiling.
In a recent publication on the unwinding of double-stranded linear DNA by dehydration and subsequent closing by ligase, estimates of the enthalpy of unwinding one link of the DNA helix were given (54) . A AH value of 51 ± 1.7 kJ-(mol of 10 base pairs)-' was reported, and it was considered to be independent of both DNA size and the linking number. These AH values should be roughly comparable to the enthalpy associated with introducing one superhelical turn. The superhelix density of 0.057 determined in this study for ColEl amp DNA is equivalent to 63 superhelical turns. Using this value, we obtain 34.9 kJ(mol of superhelical turns)', which is approximately 70% of the AH reported by Lee et al. (54) . In view of the vastly different methods used, the agreement appears to be relatively good.
Elastic Properties of DNA. The torsional rigidity of ColEl amp DNA has been calculated on the assumption that only torsion contributed to the enthalpy of supercoiling, the bending contribution being negligible. This assumption certainly constitutes only an approximation. It is due to a general un-certainty of how to partition unambiguously the overall experimental data into contributions from bending and torsion. Therefore, in the majority of studies (33, 34, 50, 51, 52) , only the limiting case of vanishing bending contributions has been considered. Thomas (49)] than all other torsional rigidities for linear DNAs, and the value for superhelical pBR322 DNA is decidedly higher than that for linear DNA. Millar et al. (48) emphasize that, for a correct analysis of the fluorescence decay measurements, inclusion of the bending dynamics is very important. Therefore, it is surprising that the torsional rigidity obtained for circular ColE1 amp DNA (C = 1.79 x 10-19 erg-cm) in the present study from the enthalpy of supercoiling is in good agreement with their value obtained for pBR322 because bending contributions to AH have been neglected in our calculation. We do not believe that the agreement is only fortuitous. It may well be that the fast local bending motions of DNA in the picosecond and nanosecond ranges, responsible for the fluorescence anisotropy decay of the intercalated dye, do not contribute significantly to the reaction enthalpy associated with the transformation of underwound, supercoiled circular DNA into relaxed circular DNA. This assumption is reasonable in view of the large size of the plasmid and the moderate superhelix density.
Recently Vologodskii et al. (53) performed Monte Carlo calculations of the bending contributions to the linking number distribution of supercoiled DNAs, which resulted in a value of C = (1.65 + 0.33) x 10-19 erg-cm. However, these calculations also may be useful for solving the problem of the relative contributions of bending and torsion. The calculations demonstrated that the width of the writhing-number distribution equals approximately half the width of the linking-number distribution as determined in refs. 33 and 34; in other words, half of the total number of titratable superhelical turns is realized as writhing of the helix axis, and the other half, as axial twisting. Application of this result to energy data is not straightforward. The number of superhelical turns is not necessarily equal to the value of the writhing number (56) , and it is not obvious whether the results of Vologodskii et al. (53) , which are valid for the Gibbs energies, can be assumed to apply to the reaction enthalpies. However, when making these assumptions, only half of the overall AH-i.e., about 1100 kJ-(mol of plasmid)-l-would be attributed to torsional energy; the residual enthalpy would be assigned to bending. By identifying the writhing number with the number of tertiary turns as a first approximation, only half of the titratable superhelical density is realized as twist, according to ref. 53 . Because the torsional energy depends on the square of the twist, the reduction by a factor of 2 of both the enthalpy and the twist does not cancel each other. The calculation leads to a significantly larger value for the torsional rigidity C of 3.58 x 10-19 erg-cm.
In view of the differences between rigidity values obtained by different experimental approaches and on the basis of different theoretical models, much experimental and theoretical work appears to be necessary for resolution of the problems.
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